[1] Hydrodynamic exchange between a stream and its bed plays an important role in solute transport in rivers. Stream-subsurface exchange is known to occur due to several different mechanisms and different approaches have been used to model the resulting solute transport, but there has been little investigation of the ability of the various models to represent specific exchange processes. This work evaluates the ability of the semiempirical transient storage model (TSM) to represent advective hyporheic exchange driven by bed form-induced pore water flows. The TSM is based on the idealized hypothesis that the flux of contaminants is proportional to the difference in concentration between the bed and the stream. To evaluate the ability of this simplified mass transfer relationship to reproduce advective hyporheic exchange, we apply the TSM to data sets for the exchange of conservative solutes with sand beds in laboratory flumes where bed forminduced pumping is the dominant exchange mechanism. The results show that the simplified expressions used in the TSM can represent some but not all aspects of the pumping process. The TSM can represent advective exchange with shallow beds that have a defined exchange layer restricted by the presence of an impermeable boundary. In this case, transient storage parameters can be directly related to the streamflow conditions and the channel geometry. However, the TSM does not do a good job of representing exchange with a relatively deep sediment bed, where flow along different advective paths in the bed yields a wide distribution of exchange timescales. 
Introduction
[2] The prediction of the exchange between a river and the surrounding subsurface is a fundamental component of the analysis of contaminant transport and fate in watersheds. A considerable amount of recent work has focused on the development of a comprehensive view of the stream-aquifer continuum and an integrated understanding of watershed processes and their implications for ecosystem health and contamination [Brunke and Gonser, 1997; Winter et al., 1998; Jones and Mulholland, 2000 ; U.S. Environmental Protection Agency (U.S. EPA), 2000; Medina et al., 2002] . As discussed in the review by Packman and Bencala [2000] , stream-subsurface exchange has typically been considered from the perspective of the stream, i.e., based on modeling the effect of exchange on in-stream solute transport. Typical examples of this approach are the use of an idealized channel boundary flux term to represent exchange with the subsurface [Bencala and Walters, 1983; Schnoor et al., 1987; O'Connor, 1988; Wörman et al., 1998 ], models that consider exchange with dead zones as a lumped dispersive process [Young and Wallis, 1986; Lees et al., 2000] , and analysis of the in-stream response to exchange using hydrologic time series [Castro and Hornberger, 1991] .
[3] The transient storage model (TSM) [Bencala and Walters, 1983] is the most commonly used representation of hyporheic exchange. Since its development, this model has seen wide use for the analysis of contaminant and nutrient exchange with the hyporheic zone. The model is applied by obtaining TSM exchange parameters from the results of a solute tracer injection experiment conducted in the stream reach(es) of interest. The exchange rate and the depth of the storage zone are obtained by fitting the model to observed solute breakthrough curves. Once derived, the exchange parameters are often used for other applications such as reactive transport modeling. A standard numerical code, OTIS, has been developed and made available by the U.S. Geological Survey to assist with application of the TSM to solute transport data [Runkel, 1998 ].
[4] The TSM will always be limited by the fact that it is based on a highly idealized and simplified view of hyporheic exchange. Because the model is fit to observed instream solute concentration data, there is uncertainty in the estimation of the underlying transport parameters. This uncertainty is exacerbated by both limitations in making field measurements and the underlying parameterization of solute transport using the in-stream dispersion coefficient, hyporheic exchange rate coefficient, and storage zone area. This uncertainty often obscures important results, such as the relationship between transient storage and the fluxes of reactive substances of interest (e.g., nutrients, contaminants). For example, TSM parameters have been found to be well-correlated with nutrient uptake in some streams and poorly correlated in others, and the lack of understanding of the relationship between TSM parameters with actual hyporheic flow paths greatly hinders the analysis of process controls on nutrient uptake [Hall et al., 2002] .
[5] Evaluation of TSM application to field data and sensitivity analysis of the model parameters have improved estimation of TSM parameters by suggesting strategies to design injection experiments so as to obtain the greatest information on hyporheic exchange. The study of Harvey et al. [1996] motivated detailed evaluation of the meaning of TSM parameters by demonstrating that TSM parameters derived by curve-fitting in-stream solute breakthrough preferentially reflected transport through high-permeability regions adjacent to the stream channel and did not represent slower transport through the surrounding alluvium. Subsequently, Choi et al. [2000] examined a wider range of physical features that produce solute storage and suggested that exchange with multiple storage zones could often be reliably represented in the TSM with one modeled storage compartment. These types of evaluations have been combined with formal sensitivity analysis to yield suggestions to improve the design of stream tracer experiments and the estimation of hyporheic exchange parameters from the experimental results [Wagner and Harvey, 1997; Harvey and Wagner, 2000] . One of the primary goals of these previous evaluations was to reduce uncertainty that arises from the limitations in measurement methods and other experimental procedures used in field experiments.
[6] We seek here to clarify the limitations inherent in the exchange parameterization utilized in the TSM by applying the model to a well-characterized laboratory experimental system dominated by a single, well-understood hyporheic exchange process: bed form-induced advective transport. Ready access to the recirculating flumes used for these experiments provides extensive and detailed information on the streamflow, sediment bed, and hyporheic zone that can be used to relate best fit TSM parameters to the system geometry and flow conditions. The extremely high quality of the laboratory data allows a considerably more detailed evaluation of TSM processes and parameters than previous authors have been able to achieve using field data.
[7] The results of this work indicate the extent to which the TSM can represent advective exchange between the stream and streambed. Because advective flows are known to be an important component of hyporheic exchange, the results have considerable implications for the analysis of surface water/groundwater interactions, contaminant transport, and benthic ecological processes in streams and rivers.
Exchange Models: Theory
[8] Hyporheic exchange results from a number of different but related processes, such as advective flows induced in the streambed and banks or through meanders [Hynes, 1983; Thibodeax and Boyle, 1987; Harvey and Bencala, 1993] . Recent research has focused on the development of new models that explicitly predict the exchange due to individual transport processes. One example of this approach is the bed form-induced pumping model [Savant et al., 1987; Elliott and Brooks, 1997a; Packman et al., 2000a] , which theoretically derives the exchange that results from hydrodynamic interaction of the streamflow with the streambed sediments. This model has been validated by extensive testing against experimental data for exchange with sediment beds in laboratory flumes under controlled flow conditions [Elliott and Brooks, 1997b; Packman et al., 2000b; Packman and Brooks, 2001; Marion et al., 2002] . In addition, Wörman et al. [2002] have recently developed theory to allow application of the pumping model to solute transport in natural streams and used it to analyze the transport of tritium in a small agricultural stream. The results of this study indicate that tritium retention in the streambed was characterized better by the pumping model than by the TSM.
Advective Pumping Model
[9] The transfer of solutes between the stream and streambed can be predicted by analytical evaluation of the subsurface flow paths induced by streamflow over bed forms. For the case where the streambed has an impermeable layer at depth d b , the field of pore water velocities in the bed is given by Packman et al. [2000a] :
where x* = kx and y* = ky are coordinates parallel and perpendicular to the average bed surface normalized by the bed form wave number k = 2p/l, where l is the wavelength of the bed forms, and d b * = kd b is the normalized bed depth. The horizontal and vertical velocities are normalized by u* = u/kKh m and v* = v/kKh m , where K is the hydraulic conductivity of the bed sediments and h m is the half amplitude of the sinusoidal head variation over the dune. The driving mechanism for pumping exchange is this periodic head distribution at the bed surface, which is induced by flow-boundary interactions.
[10] If the normalized bed depth is sufficiently large, so that tanh(d b *) ffi 1, equation 1 reduces to the solution for a semi-infinite bed [Elliott and Brooks, 1997a] :
The criteria tanh(d b *) ffi 1 can thus be used to define two regimes of exchange behavior. Equation 2 describes the velocity field in a deep bed, while equation 1 is needed to describe the velocity field in a shallow bed (where tanh(d b *) is sensibly smaller than 1).
[11] The velocity field allows us to analyze mass transfer between the stream and the hyporheic zone. An average residence time function, " R(t), can be defined as the probability that a particle that enters the bed at time t = 0 is still in the bed at time t. The residence time function can be calculated numerically from the velocity field using a finite difference particle-tracking scheme [Elliott and Brooks, 1997a] . Once the residence time function is known, the mass transfer from the stream to the subsurface can be evaluated by solving a convolution integral of the residence time function and the in-stream concentration. Wörman et al. [2002] also present a model which uses moment methods to relate the subsurface residence time distribution to instream solute concentrations. Accumulated exchange is conveniently represented by the average depth of solute penetration into the subsurface:
where m(t) is the exchanged mass per unit bed surface area normalized by C 0 , the reference concentration in the stream, and q is the porosity of the bed sediments. Time can also be normalized based on the characteristic pumping velocity and length scale as:
The prediction of m*(t*) is the basic pumping model output for exchange with the streambed, as described by Brooks [1997a, 1997b] .
Transient Storage Model (TSM)
[12] In the TSM, mass flux across the sediment-water interface is assumed to be proportional to the difference in tracer concentration between the stream water and the pore water in the bed. The proportionality coefficient is a mass transfer coefficient, a, with units of inverse time. This transient storage exchange coefficient is assumed to be a time-invariant property of the system. This model idealizes the hyporheic zone as a well-mixed ''storage zone'' of defined volume. The basic formulation of the TSM is:
where C b and C w indicate the tracer concentration in the pore water and in the stream, A s is the cross-sectional area of the storage zone, and A the area of the stream. The in-stream tracer concentration can be related to mass transfer to the bed by including a boundary exchange term in the advectiondispersion equation for the stream. When the stream is sufficiently wide so that the hypothesis of a large rectangular section can be applied, the analysis can be performed per unit stream width. In this case, the TSM becomes:
where d is the depth of the hyporheic zone that undergoes exchange with the stream and d is the depth of the main stream.
[13] A normalized expression of the TSM was developed in Marion et al. [2003] , in order to facilitate comparison of the TSM with the pumping model, and we will use this formulation here to apply the TSM to analyze flume experiments in which pumping is known to be the dominant mechanism of exchange. The normalized TSM exchange rate and bed depth are defined as:
The dimensionless equation for the TSM then becomes:
where C* = C(t)/C 0 and C 0 is the initial tracer concentration in the stream. The TSM is applied to experimental data by coupling equation 8 with a normalized mass balance that links the concentration in the water column with the concentration in the storage zone. For a closed system such as a laboratory flume, this is
By coupling equations 8 and 9, the transient storage model can be solved and applied to analyze laboratory data sets.
Other methods are required to couple the in-stream and storage zone concentrations for field applications. Normally, in-stream solute transport is assumed to follow the advection-dispersion equation with a boundary exchange term for the storage zone [Bencala and Walters, 1983] . The transient storage parameters a and A s are then found by fitting the TSM to the experimentally observed breakthrough curves of a solute injected into the stream. Parameter optimization (fitting) can be done by either nonlinear regression to the measured data [Runkel, 1998] or by matching the moments of the observed breakthrough curves [Wörman et al., 2002] . In these approaches, it is assumed that a and A s are independent parameters. We will evaluate this assumption by applying the TSM to model advective pumping exchange and by analyzing experimental data from laboratory flumes.
Fitting the TSM to the Pumping Model
[14] The TSM will be fit to the pumping model and the experimental data using the procedure described by Zaramella [2000] and Marion et al. [2003] . Optimization methods are used to determine the values of TSM parameters a* and d* that best fit the TSM exchange curve to the pumping exchange curve. The optimal TSM parameters are found by minimizing the integral of the mean square difference between the models:
where Á*(a*,d*,t*) = m* P À m* TSM is the difference in exchange between the pumping model and the TSM at time t*. The TSM will also be fit to data obtained from laboratory flume experiments, where there is initially a tracer concentration C 0 everywhere in the stream and no tracer initially in the hyporheic zone. In this case, the instream concentration, C, decreases over time due to hyporheic exchange. A discretized form of equation 10 is used to fit the TSM to experimental data:
where N is the total number data points in the time period t* = 0 to T*.
[15] Optimal transient storage parameters will be found using equation 11 to provide the best approximation of the total mass transfer to the bed over a defined timescale T*. In this analysis, T* represents the time over which exchange has occurred, i.e., the elapsed time since the start of the experiment. Similarly, for any fitting timescale, T*, minimization of S according to equation 10 yields optimal values of a*(T*) and d*(T*) to fit the TSM to the pumping model exchange curve. Optimal values of a*(T*) and d*(T*) can then be found for a wide range of fitting timescales T* in order to evaluate the ability of the TSM to generally reproduce either the experimental data or the pumping exchange curve. If the TSM provides an adequate idealized representation of the pumping process, it should be able to represent pumping exchange with constant values of a* and d* for all T*.
Description of Experimental Data Sets
[16] Laboratory experiments on stream-subsurface exchange of conservative solutes will be used to test the TSM. A variety of exchange experiments have been conducted in laboratory flumes, which provide a welldefined stream flow over an apparatus designed to mimic a small stream. Flumes provide a well-defined flow over a sediment bed, and allow for the formation of natural bed topography due to the interaction of the open-channel flow with the bed sediments. Criteria for selecting experiments for this evaluation of the TSM were the use of a consistent experimental method and the desire to cover a relatively wide range of experimental conditions. The following data sets will be used to test the TSM: (1) that of Packman et al. [2000b] was selected due to use of shallow streambeds, (2) that of Marion et al. [2002] was selected due to use of a large experimental system, (3) that of Eylers [1994] (summarized by Eylers et al. [1995] ) was selected due to long experiment durations, and (4) that of Packman and MacKay [2003] was selected due to the use of streambeds of intermediate depth and the acquisition of continuous solute exchange data.
[17] All of these experiments were conducted using similar methodologies. All experiments had stationary bed forms and steady, fully turbulent, uniform flow. Furthermore every experiment was conducted starting with a known amount of tracer in the recirculating water and an uncontaminated bed. The volumes of recirculating water in the experiments varied between 0.08 and 10 m 3 according to the size of the flume, and the depths of the sediment beds varied between 8 and 40 cm. The porosity of the sand beds was between 0.325 and 0.38, and the wavelength of the bed forms between 19 and 50 cm. The most relevant experimental conditions are given in Table 1 . The experiments conducted by Packman were shallow bed experiments, while all of the others had deep beds. Deep beds are those for which tanh(d b *) % 1, while for shallow beds tanh(d b *) is sensibly smaller than 1. A considerable amount of additional detail on the experimental conditions can be found in the original citations.
[18] Once an experiment started, the flow of water above the sediments caused the transfer of tracer into the bed so that the tracer concentration in the stream water was observed to decrease over time. Selected experimental results are shown in Figure 1 . The variability in the exchange curves is due to the influence of the bed form geometry, flow conditions, and volumes of recirculating water and bed sediments, which differed in each experiment. Higher stream velocity and bed form height cause greater pumping exchange flux. In addition, the volume of recirculating water controls the response of the in-stream concentration to the exchange flux. For example, the volume of recirculating water was very high in Marion's experiments, so these experiments showed the least decrease in concentration. The depth of the bed also plays an important role in determining the shape of the concentration vs. time curve. When the bed is shallow, as in Packman's experiments, all pore water can become well-mixed with the stream before the end of the experiment. This behavior can be seen when the curve of concentration vs. time becomes horizontal, indicating that a final steady value of concentration was reached. A mass balance indicates the final dilution value:
Recall that d b is the average depth of the sediments and d 0 the effective depth of recirculating water above the sediments. On the contrary, when the bed is deep, experimental results show that the deepest regions of the bed are reached by the tracer only after a long time.
[19] We should emphasize here that the advective pumping model did a good job of predicting all of the experimental results presented here, with model inputs obtained from independent measurements. This demonstrates that bed form-induced advective pumping was the dominant hyporheic exchange process in all of these experiments. Further, it is well-established that recirculating flumes adequately reproduce hydrodynamic interactions between natural streams and bed sediments. This has been clearly demonstrated, for example, by extensive studies of bed sediment transport [Vanoni, 1975] and instream solute transport [Fischer et al., 1979] . Thus we believe that the application of the TSM to these experimental data sets provides a general evaluation of its ability to represent hyporheic exchange due to advective pumping induced by bed forms. Other evidence suggests that the pumping process will often be important in nature [Wörman et al., 2002] , and so any generally applicable hyporheic exchange model should be able to represent it well.
Results

TSM Analysis of Deep Beds
[20] Direct application of the TSM to an experimental data set is shown in Figure 2 , presented as the depth of solute penetration into the subsurface, m*(t*), which increases over time. The transient storage exchange rate and storage zone depth have been evaluated by fitting the model to the experimental data using the method presented in section 2.3. The best fit values of the exchange rate and the storage zone depth were found by applying equation 11 for two times of observation, T* = 15.96 and T* = 29.27. This curve-fitting approach is essentially equivalent to that used to derive best fit TSM exchange parameters from observed solute breakthrough curves in natural streams.
[21] No unique set of TSM parameters could be found to fit the entire exchange curve in Figure 2 . If all of the experimental results are fit for the complete duration of the experiment, T* = 29.27, then the model underpredicts the early exchange. Alternatively, the initial exchange up to T* = 15.96 can be fit with the model, but this results in a great underprediction of the results at later times. The model would provide even less ability to represent the results of experiments of longer duration. Indeed, the TSM assumes a constant asymptotic value of the concentration in the bed, while the pumping model predicts that mass transfer with a deep bed should increase logarithmically. Similar behavior was seen for all other experiments with deep sediment beds. While such a comparison indicates that the TSM cannot represent the entire exchange curve with a unique set of parameters (a, d), it does not indicate the source of the discrepancy. This is particularly difficult to assess since the main source of the error could occur in either TSM parameter.
[22] In order to assess the temporal variation in the best fit TSM parameters, the TSM was applied to the experimental data sets by fitting the model over the entire range of experimental observations, as shown in Figures 3a and 3b . The individual data points were obtained by fitting the TSM directly to the experimental measurements at each time, i.e., by taking the time of measurement of each data point as the fitting timescale T and thus finding the best fit values of a*(T*) and d*(T*) to represent all experimental data up to and including the point at the dimensionless time T*. Thus each of the two comparisons showed previously in Figure 2 corresponds to one combination of a*(T*) and d*(T*) in Figure 3 . While Figure 2 provides a very intuitive comparison of the ability of the TSM to represent the observed hyporheic exchange, Figure 3 demonstrates the variation in the best fit TSM parameters over the duration of the experiment. Figure 3 also compares the results of many experiments. In Figure 3 , the curves for the application of the pumping model indicate how the dimensionless TSM parameters a* and d* must vary to match the pumping model for this range of experimental conditions. The dimensionless solution of the pumping model can be seen to reasonably represent all of the experimental data, which was expected because of the success of the pumping model in predicting all of the results of the individual experiments (as described in the primary citations for these experiments).
[23] Figure 4 clarifies how the use of scaled variables collapses the experimental data onto a single dimensionless curve. Figures 4c and 4d present the same data as in Figures 4a  and 4b , plotted using the scaled variables given in section 2.2. The use of properly scaled dimensionless variables causes the curves and data to collapse, except for a small difference due to the different volumes of recirculating water and bed sediment used in each experiment, which becomes important for T* > 30. Figure 4 indicates that the TSM parameters are dependent on system geometrical features like the stream depth d* and the depth of the bed sediments d* b .
[24] These results indicate that only one theoretical curve for a*(T*) and d*(T*) can be used to represent a wide range of experimental data. This was shown in Figure 3 , which includes the application of the TSM to all of the experimental results of Eylers and Marion with deep streambeds. Note that a logarithmic timescale was used in Figure 3 to show results from a wide range of experimental conditions in one plot. One theoretical curve can be used to represent all of these data because the normalized stream depth was similar in all of these experiments. The results of this analysis show that pumping exchange with deep beds cannot be represented with constant values of the exchange rate and storage zone depth, as assumed by the TSM. Pumping exchange can only be represented by allowing a*(T*) to decrease over time and allowing d*(T*) to increase.
[25] This behavior reflects the fact that advective pumping velocities are highest near the bed surface and that ongoing exchange is dependent on solute penetration to deeper parts of the bed. The pumping model predicts that the upper part of the bed exchanges rapidly with the stream, but advection through longer, slower flow paths causes solutes to penetrate to deeper and deeper layers of the bed over time. If the overlying stream water suddenly attains a higher solute concentration (e.g., a solute tracer is suddenly added to the stream or a solute pulse suddenly passes over a particular section of streambed), then the initial depletion of this concentration will be rapid due to advection through fast, shallow flow paths. These shallow flow paths will become well-mixed with the stream over a relatively short time. Subsequent reduction of the in-stream tracer concentration then requires mixing with tracer-free water deeper in the bed, which is only accessible via slower flow paths. As a result, the net rate of solute flux through the stream-subsurface interface will decrease over time. If the bed is very deep, then net exchange can occur for a long period of time, but the exchange rate will decrease considerably as the tracer front penetrates deeper and deeper into the bed. This phenomenon clearly violates TSM assumption of a flux governed by a concentration difference between well-mixed reservoirs. In fact, the ongoing pumping exchange can only be represented in the TSM by allowing the storage zone depth to increase over time and the exchange rate to decrease. These concepts are illustrated in Figure 5 .
TSM Analysis of Shallow Beds
[26] Consideration of Figure 5 suggests that the TSM should be expected to perform better for shallower streambeds because the induced pore water velocities are more uniform in this case. As discussed by Packman [1999] , pumping exchange with a shallow streambed is considerably mediated by the presence of an impermeable boundary relatively near the stream-subsurface interface. Water flux through the stream-subsurface interface is reduced by a modest amount, a factor of tanh(d * b ), but the more important effect is simply the restriction on subsurface flow paths to this shallow layer. Exchange proceeds at a fairly constant rate until the solute penetration front approaches the impermeable boundary, at which point there is no additional pore water available for further dilution. If exchange were restricted just to the part of the streambed that is flushed relatively rapidly, then the TSM could conceivably provide a good approximation of the pumping process. In other words, the assumptions of the TSM are more reasonable for the shallow bed case than for the deep bed case, which indicates that the TSM may be able to adequately represent advective pumping exchange with shallow streambeds.
[27] The TSM will first be fit directly to the pumping model in order to see if the TSM can adequately simulate pumping exchange with shallow streambeds. Figure 6 presents the values of the transient storage exchange rate, a*, and the storage zone depth, d*, required to fit the TSM to the pumping model for different fitting times, T*. Curves [28] In interpreting field experiments, the transient storage zone area (A s ) obtained from TSM analysis of instream solute transport is sometimes assumed to be equivalent to the physical extent of the hyporheic zone, but it is important to note that this is in fact an assumption. Figure 6 indicates that it would be difficult to find a relationship to link physical parameters such as the sediment depth to TSM exchange parameters because the TSM parameters will often vary with time. For example, if a stream is underlain by loose and deep alluvium, then the actual hyporheic zone could be very large but a solute injection Figure 5 . TSM idealization of the advective pumping exchange process. The top panel shows observations of dye exchange due to pumping from Elliott and Brooks [1997b] . Each line below the bed surface is a dye penetration front, recorded sequentially over a total period of 100 hours. When the TSM is applied to analyze the accumulated exchange up to a certain time, T, the actual exchange is idealized to an equivalent penetration, d(T ), and average exchange rate, a(T ). Because the induced pore water velocities decrease with depth in the bed, the equivalent TSM exchange rate a(T ) decreases over time. experiment would give an estimate of A s based on a finite observation period equivalent to some particular T* in Figure 6 . Thus the extent of the hyporheic zone determined from application of the TSM would not have physical meaning, but would instead depend on either the duration of monitoring or the time at which the tracer signal in the stream became so low that it would be indistinguishable from background values.
[29] For the case of a shallow bed, we can attempt to predict the values of a* and d* by combining knowledge of the system geometry with the theory presented previously. Theoretically, d* should be infinite during the initial phase of tracer penetration into the bed [Marion et al., 2003] . This behavior can be seen in Figure 6 for T* ! 0. However, shallow beds should become well-mixed relatively quickly, and so it should be an acceptable approximation to equate d* to the bed depth for all times. In addition, the shallow bed restricts advective flow paths to yield a sharply-defined spectrum of exchange residence times [Wörman et al., 2002] , which indicates that the TSM exchange rate should also be approximately constant for all times. The appropriate exchange rate can be found by linking the TSM to the pumping model at T* = 0. The accumulated mass m*(t*) can be found from the explicit expression of the penetrated mass derived from the analytical solution of equation 8 coupled with equation 9 [Marion et al., 2003] :
For small t*, this becomes:
Following Packman [1999] , the initial rate of pumping exchange is given by:
The value of a*(0) is then found by relating equations 14 and 15:
Note that the initial value of a* as given by equation 16 does not depend on the normalized stream depth, d*.
[30] With these assumptions, the theoretically derived TSM parameters for pumping exchange with a shallow bed are:
This derivation indicates that TSM exchange parameters can be directly related to actual hyporheic exchange fluxes and the system geometry when the hyporheic zone is constrained by the presence of a shallow impermeable layer. It should be noted that neither derived parameter in equation 17 strictly applies throughout the entire mixing process. Physically, d* b is not actually the depth of a wellmixed storage zone but rather the ultimate depth of mixing, and a* will increase slightly over time even for shallow beds. Nonetheless, equation 17 represents a useful approximation that can be used to predict the expected exchange using the TSM. This approach will now be evaluated by comparing the TSM prediction with experimental data.
[31] Figure 7 shows the application of the TSM to flume experiments conducted with shallow sediment beds. In this case, the exchange is dependent on the bed depth, d * b , as well as the stream depth, d*. The model curves shown in Figure 7 were obtained by fitting the TSM to the pumping model using the values of d* and d * b given in Table 1 . For the shallowest beds, d * b < 2, the exchange rate, a*, is almost constant and close to the predicted value. The TSM storage zone depth, d*, has high values near T* = 0 due to the fact that there is very little tracer return to the stream in the initial phase of the experiment. The values of d* decrease to become nearly constant after the initial exchange period. These results indicate that the TSM should be able to provide a good representation of pumping for the shallow bed case because the assumption of constant values of a* and d* is a good approximation of the observed pumping behavior.
[32] The application of the TSM to Packman's Run 15 begins to show some temporal variability in model parameters, though the TSM still performs adequately for this case. Run 15 had the deepest bed of all of Packman's experiments, d* b = 2.65. The results of Packman and MacKay, presented in Figure 4 , clearly show that nonconstant TSM parameters occur for d b * = 3.80. Taken together, these results suggest that the TSM cannot represent the pumping process well when d* b ! 3, i.e., when the bed depth is greater than around half the bed form wavelength.
[33] Since Figure 7 provides confidence that the TSM is applicable to exchange with a shallow hyporheic zone, equation 17 can be used to predict the appropriate values of a* and d* to model these shallow-bed experiments. Figure 8 shows the TSM prediction of exchange for all of the shallow-bed experiments. Results are plotted in a nondimensional space similar to the one suggested by Packman [1999] for exchange with shallow beds. The exchange parameter m* f = m/d b is the fraction of the available pore water that has undergone exchange with the stream, which is the appropriate representation of mixing with a finite streambed. The exchange timescale t* f = t* tanh(d* b )/d* b is based on the bed depth instead of the bed form wave number and corrected for the reduction in pumping velocity due to the shallow bed. Use of these properly scaled variables collapses the shallow-bed exchange data and simplifies the model calculation. The dimensionless exchange curves can be converted back to dimensional predictions using the variable definitions presented in section 2.2. Clearly, the TSM approximates the pumping model well when the streambed is shallow, and both models reproduce the observed solute exchange.
[34] It should be noted that the TSM curves shown in Figure 8 truly represent predictions of hyporheic exchange. The curves have not been fit to the data in any way, but are instead based only on the physical parameters given in equations 7 and 17. The TSM prediction was made possible by combining fundamental knowledge of the pumping process with scaling arguments and physical reasoning. To the best of our knowledge, this is the first application of a fundamentally derived prediction of exchange using the TSM. The predictive model is only applicable to the case of a shallow streambed, and would not apply for a lessconstrained hyporheic zone.
Discussion and Conclusions
[35] In this work, we compared the commonly used TSM for hyporheic exchange with the fundamentally based pumping model and the results of controlled laboratory flume experiments. The goal of this work was to determine if the TSM has a firm physical basis, or if it can at least be directly related to one particular hydrodynamic exchange process. To facilitate the comparison, we utilized a properly scaled version of the TSM that relates dimensionless TSM parameters to the geometric and hydraulic properties of the stream. Dimensionless TSM parameters are expressed in terms of the stream and bed topography, bed sediment porosity and permeability, and the head difference that drives pumping exchange. This scaling should be helpful in applying the TSM to streams or rivers of different sizes.
[36] Matching the TSM to the pumping model indicated that the initial advective mass transfer to the bed violates the Table 1 . The dimensionless theoretical prediction represents the experimental data well without curve fitting.
TSM assumption of a well-mixed storage zone. The resulting exchange can only be modeled with the TSM by assumption of an infinite storage zone. This is not a severe restriction for most applications, as the early advective exchange can often be disregarded as an initial transient. This is more likely to be a significant limitation for application of the TSM to reactive transport, particularly in the case where solutes or colloids are delivered to the streambed by advective pumping and then are rapidly consumed or trapped in the bed.
[37] After the initial transient, constant values of TSM exchange parameters were found to provide an adequate approximation for the pumping exchange with a shallow bed, but not for pumping exchange with a deep bed. This behavior is related to the nature of advective subsurface mixing: pumping mass transfer is characterized by rapid flushing of the upper layers of the bed but slower transport in deeper layers of the bed. TSM assumptions are only reasonable for exchange over some finite depth, and if the bed is deep enough then the later exchange will occur over a greater depth and with a slower effective exchange rate. Application of the TSM to experimental data indicated that the TSM could not adequately reproduce the observed mass transfer to a deep bed with constant values of the exchange parameters a* and d*. The observed exchange can only be represented if the storage zone depth d* increases over time and the exchange coefficient a* decreases. These observations were found consistently for a wide range of experimental stream velocities and geometric conditions.
[38] Experimental observations of exchanges with shallow beds indicated that constant values of a* and d* could be assumed as long as the bed depth was less than d* b % 3. To predict exchange in this case, we used the pumping model to derive theoretical values for TSM parameters, a* = tanh(d* b )/p and d* = d* b . The exchange rate, a*, was obtained from knowledge of the advective pumping exchange process, while the extent of the hyporheic zone, d*, was selected based on the geometry of the streambed. These predictions of a* and d* are useful approximations and, with them, the TSM can be used to make fundamentally based predictions of hyporheic exchange.
[39] Independent prediction of exchange using these derived TSM parameter values was able to reproduce the results of experiments conducted with shallow sediment beds. The use of properly scaled exchange variables clearly demonstrated that the TSM could provide an adequate representation of pumping exchange for the shallow-bed case under a variety of flow and bed conditions. While these derived exchange parameters worked well for the laboratory system with a solid channel bottom, care would have to be exercised in applying these predictions to real streambeds, which could be constrained by a subsurface layer with small but finite permeability that could still admit solute transport over long timescales.
[40] Our results demonstrate the need for improved consideration of individual exchange processes. This work shows that the TSM cannot adequately represent all advective exchange processes, and thus that it may not provide a good model for hyporheic exchange in many real streams. When advective pumping is a significant exchange process, the best fit TSM parameters will be dependent on the timescale of the pulse and/or on the duration of observations. Similar conclusions were reached by Wörman et al. [2002] based on a comparison of the hyporheic residence time distributions implicit in the TSM and the pumping model and measurements of tritium retention in streambed sediments. These conclusions are also consistent with more general field observations of hyporheic exchange [Harvey et al., 1996; Harvey and Wagner, 2000] .
[41] Within the context of the interpretation of stream tracer data, the typical difficulties in relating TSM parameters to physical quantities are normally thought to be data limitations and natural system heterogeneity. Harvey and Wagner [2000] and Choi et al. [2000] both noted that natural variability, as expressed in multiple solute storage zones, can often be represented adequately with the TSM. However, they found that this representation would reflect only some exchange processes, normally the dominant process for bulk solute retention at the timescale of the experimental observation. Our work goes beyond these others by demonstrating that these limitations do not result only from data-related uncertainty or the heterogeneity of the natural system. We found that the TSM required nonconstant parameters to represent advective solute exchange with deep, homogenous sand beds because the TSM does not provide a good representation of the functionality of the advective exchange process. This represents a fundamental limitation on the TSM's ability to characterize hyporheic fluxes and the physical extent of the hyporheic zone.
[42] Clearly, TSM parameters derived from curve fitting the results of solute-injection experiments should be interpreted very carefully. The TSM certainly provides a useful, simple representation of bulk hyporheic mixing. However, in many cases it may not really represent the physics of the exchange processes, and instead the transient storage formulation may simply serve as a curve-fitting scheme that yields exchange parameters unrelated to any meaningful physical quantities. Because flow path and exchange rate information are critical to the evaluation of reactive transport processes such as hyporheic nutrient uptake, the TSM and other lumped-parameter, semiempirical exchange models may not be appropriate for these types of applications. Our work emphasizes the need to approach the reactive transport problem more from the perspective of subsurface pore water fluxes rather than from the perspective of simulating in-stream solute breakthrough curves. This supports the conclusion of Harvey and Wagner [2000] that the stream tracer approach will often need to be combined with subsurface measurements.
[43] Detailed investigations in streams can provide additional insight into the general applicability of the TSM. Process-based investigations can also be used to relate the TSM to individual exchange processes and thus to lend additional physical meaning to TSM parameters. In this work, we presented a method to calculate TSM parameters for pumping exchange based on physical stream parameters. We believe that this is the first such predictive capability developed for the TSM. However, we also found that the predictive relationship only applies for sharply-constrained hyporheic zones, and that the TSM does not work well for unconstrained hyporheic zones. Additional studies will provide further information on the conditions for which the TSM provides a reasonable approximation of the actual exchange mechanics. Such investigations can potentially yield additional predictive capability for the analysis of hyporheic exchange using the TSM framework. Alternatively, a more flexible model framework, such as the ASP model developed by Wörman et al. [2002] , could be used to explicitly represent an appropriate suite of individual exchange processes.
Notation
A cross-sectional area of the stream. A s cross-sectional area of the storage zone. C 0 initial tracer concentration in the stream. C* dimensionless tracer concentration, equal to C w /C 0 . C b concentration of tracer in the storage zone. C * f dimensionless final dilution concentration. C w concentration of tracer in the stream. y vertical coordinate. y* dimensionless vertical coordinate, equal to ky. a mass transfer coefficient. a* dimensionless exchange rate, equal to aqH/(kKh m ).
d storage zone depth.
Á disagreement between pumping model and TSM. d* dimensionless storage zone depth, equal to kd. l bed form wavelength. q porosity of bed sediment.
